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Probes of reionization

Gunn-Peterson effect (in quasar spectra):
conclude that Universe is fully ionized by z=06.

CMB anisotropies: signatures on the temperature
and polarization power spectra.

Galaxy luminosity function: well measured for
z <8, ~10s of galaxies at z > 9.

21cm experiments (underway): map the
distribution of neutral hydrogen with redshift.
(PAPER, LOFAR, MWA, MITEoR, HERA, SKA ...)



Cosmic microwave background (CMB

Temperature power spectrum

104

temperature anisotropies SV OOV E OO

101 102 103

mean = 2.7K
angular wavenumber

Fourier Transform

Image Credit: http://www.esa.int/spaceinimages/Images/2013/03/Planck CMB


http://www.esa.int/spaceinimages/Images/2013/03/Planck_CMB

Cosmic microwave background (CMB)

\‘/ /N

—— E<(0 —— I E >0 |
7N N__/
S

\ B <0 \ / B >0
— | | ~

Image Credit: http://www.esa.int/spaceinimages/Images/2013/03/Planck CMB

E-mode polarization

power spectrum

10t

102 103
l

angular wavenumber


http://www.esa.int/spaceinimages/Images/2013/03/Planck_CMB

CMB photons Thomson scatter with
free electrons

OT e +v—e +7

7
Optical depth: TZ/ dn'ornea
0



(I +1)CH )2 [uK?)

Effects of reionization on the CMB

1.Suppress anisotropies (both temp. and pol.)
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Effects of reionization on the CMB

2. Create polarization anisotropies on large scales

Quadrupole E-mode polarization
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Standard approach: tanh
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Our model
iINndependent approach:
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Eigenfunctions ranked by
contribution to observables
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5PCs designed for observables,
not model reconstruction (remove fiducial)
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Method: Apply MCMC to Planck 2015
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Tanh less favoured in PC space

e tanh ML ~20
away from PC
mean

*PC ML vs tanh ML:
2Alog Like = 5.3
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Model 7(0, Zmax)
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High redshift ionization shitts tau
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High z lonization
only found in Planck

Data 7(15, Zmax)

P15 0.033 + 0.016

P13 +WMAP(P) 0022 1 0018

* Planck pol —> WMAP pol: preference dropped to 1o
* High redshitt ionization: origin is Planck polarization (LFI)



Extended ionization broadens bump
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 PC ML: broader bump —> extended ionization to higher z.
 E-mode polarization 8 < | < 20. Tanh fails to pick this out.
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Sources

* Foregrounds or systematics (Planck 2017 will clarity)
* Possible high redshift reionization sources:

* DM annihilation

« POP Il + POP Il stars (metal-poor stars), etc ...

* Running MCMC vs PC effective likelihood
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Effective Likelihood Code

* Easily tests any models of ionization model xe(z)
between 6 <z < 30.

* Projection unto PCs: P — Ze(2) > m

N
o Kernel density estimate: £rc(datajm) = > " w; K;(m — my)
1=1

Gaussian kernel (zero mean, covariance a fraction f of the chain covariance)

P(t|data) o< Lpc|data|m(7)] P(7)



Example: tanh

5min vs 24 hours!

T — Te(2) = {my} — Lpc

Cutoff due to full
ionization by z = 6

f = 0.14 smoothing
suffices for tanh (should
work better for models
favoured by data)

P(7t|data) o< Lpc|datajm(7)| P(7)

P(r|data)

| | | |
—— tanh

tanh Lpc

Gaussian

0.03 0.06 0.09 0.12
7 (tanh model)

CH+16, submitted to PRD



High z ionization: Pop-Ill stars®

Type Metal Content Cooling Host halos
of star

Pop-Il| Metal-free Molecular hydrogen I\/I5|n|ha|(c5>s
10° — 10° Mg,
Pop-ll Metal-poor  Atomic line emission More massive

halos



Regularization mechanism needed
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Conclusion

* We probed reionization using CMB polarization data

 \With the principal component analysis, we can
extract all information available in the observable

* Planck 2015 polarization data allows us to constrain
an additional mode: high redshift polarization.

e Qptical depth shifts by 10 (compared to tanh)

 z>15 optical depth preferred at ~ 20

 Use PC analysis!



Effective Likelihood Code

e Use our effective likelihood code for efficient and

unbiased testing of any ionization history models.
(tanh: 5min vs 24 hours MCMC ).

 When applied on Planck 2017 polarization data —
better constraints on high redshitt ionization

component.

(Code available on request)



Thank you!
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CMB measurements of 7

7 =0.17 £ 0.04 (WMAP1,TE)
T =0.089 + 0.014 (WMAP9)
7 =0.075£0.013 (WMAP9 dust cleaned with Planck 353)

7 = 0.078 £ 0.019 (Planck LFI low [ + high [ T'T)

7 = 0.070 4+ 0.024 (Planck TT + lensing)

7 = 0.055 £ 0.009 (Planck HFT low 1)



Parameter shifts
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e Tshiftsup by 10
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